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ABSTRACT
The Solar Wind Electrons Alphas and Protons experiment on the Parker Solar Probe
(PSP) mission measures the three-dimensional electron velocity distribution function.
Corresponding author: Jasper S. Halekas
jasper-halekas@uiowa.edu
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We derive the parameters of the core, halo, and strahl populations utilizing a combina-
tion of fitting to model distributions and numerical integration for ∼ 100, 000 electron
distributions measured near the Sun on the first two PSP orbits, which reached helio-
centric distances as small as ∼ 0.17 AU. As expected, the electron core density and
temperature increase with decreasing heliocentric distance, while the ratio of electron
thermal pressure to magnetic pressure (βe) decreases. These quantities have radial
scaling consistent with previous observations farther from the Sun, with superposed
variations associated with different solar wind streams. The density in the strahl also
increases; however, the density of the halo plateaus and even decreases at perihelion,
leading to a large strahl/halo ratio near the Sun. As at greater heliocentric distances,
the core has a sunward drift relative to the proton frame, which balances the current
carried by the strahl, satisfying the zero-current condition necessary to maintain quasi-
neutrality. Many characteristics of the electron distributions near perihelion have trends
with solar wind flow speed, βe, and/or collisional age. Near the Sun, some trends not
clearly seen at 1 AU become apparent, including anti-correlations between wind speed
and both electron temperature and heat flux. These trends help us understand the
mechanisms that shape the solar wind electron distributions at an early stage of their
evolution.
Keywords: Solar wind(1534), Solar physics(1476)
1. INTRODUCTION
The solar wind that flows out from the Sun contains an admixture of ions and electrons, with charge
neutrality maintained on all macroscopic scales within the wind. Intuitively, the simplest such solu-
tion would consist of a thermal distribution of electrons with the same bulk velocity as the solar wind
ions. However, observations instead reveal that solar wind electrons have complex distribution func-
tions, with not only a thermal core population, but also a suprathermal halo population, and often
an additional suprathermal magnetic field-aligned population known as the strahl (Feldman et al.
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1975; Pilipp et al. 1987; Rosenbauer et al. 1977; Maksimovic et al. 2005; Štverák et al. 2009). These
populations satisfy not only local quasi-neutrality (
∑
Zini = ne), but also the zero current condi-
tion (
∑
Zinivi = neve) required to ensure quasi-neutrality globally, with these conditions typically
achieved by opposite drifts of the core and suprathermal populations with respect to the ion bulk
flow (Feldman et al. 1975; Scime et al. 1994a; Štverák et al. 2009).
In order to maintain quasi-neutrality in the presence of mass-dependent gravitational forces, electric
fields must exist (Pannekoek 1922). Given the large thermal velocity of the light electrons, a con-
siderable electric potential drop should exist between the solar corona and 1 AU (Lemaire & Scherer
1971). A class of "exospheric" models (Lemaire & Scherer 1973) posits that this electric field accel-
erates the solar wind ions from the corona, with the pervasive non-thermal nature of the electron
distribution increasing the efficiency of this acceleration (Pierrard & Lemaire 1996; Maksimovic et al.
1997; Scudder 1992). Regardless of whether these models prove correct, a significant sunward electric
field must exist in the solar wind, and it should play a role in modifying the distributions of the elec-
trons as they escape the corona. This electric field may self-consistently generate the non-thermal
features of the electron distribution through a runaway process (Scudder 2019).
As electrons travel outward from the Sun, they experience not only an electric force, but also a
magnetic force from the interplanetary magnetic field (IMF). Given the conservation of the first
adiabatic invariant µ = 1
2
mv2⊥/B, electrons would spiral outward along the magnetic field with a
decreasing pitch angle between the electron velocity and the magnetic field, with their velocities
becoming increasingly magnetic field-aligned with distance from the Sun.
However, in addition to forces due to quasi-static fields, wave-particle interactions and Coulomb
collisions can affect the solar wind electrons, and both can break the conservation of µ. The non-
thermal and anisotropic nature of the electron distribution can drive a wide variety of instabilities
(Gary et al. 1975, 1999; Tong et al. 2015; Vasko et al. 2019), which may in turn modify the distri-
bution function (Vocks et al. 2005). At the same time, Coulomb collisions must occur, and these
also shape the electron distribution (Scudder & Olbert 1979a,b; Salem et al. 2003). Electrons in
the thermal core can experience many collisions between the corona and 1 AU, while those in the
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suprathermal strahl and halo experience fewer collisions, thanks to the steep velocity dependence of
the Coulomb cross section.
The electron halo and strahl evolve with increasing radial distance from the Sun, with the fraction
of the distribution in the halo increasing, and the fraction of the distribution in the strahl decreasing,
suggesting that some process(es) may transform the strahl into the halo (Maksimovic et al. 2005;
Štverák et al. 2009). At the same time, the strahl angular width increases with radial distance
(Hammond et al. 1996; Graham et al. 2017; Berčič et al. 2019), rather than decreasing as expected
for adiabatic behavior. These characteristics likely indicate the result of wave-particle interactions
and/or Coulomb collisions acting on the electron distribution.
The Helios mission returned measurements of solar wind electrons from as close to the Sun as
∼ 0.3 AU. At this distance, measured electron distributions already displayed pervasive non-thermal
characteristics and anisotropy with respect to the magnetic field (Rosenbauer et al. 1977). The origins
of these features remain poorly understood.
Closer to the Sun, the electrons may approach a state closer to the initial distribution function in
the outer corona, less modified by collisions or instabilities, allowing us to improve our understanding
of the mechanisms that form the electron distributions we observe at greater heliocentric distances. In
this paper we describe electron observations made by the Solar Wind Electrons Alphas and Protons
(SWEAP) experiment (Kasper et al. 2016) on the first two orbits of the Parker Solar Probe (PSP)
mission (Fox et al. 2016), reaching heliocentric distances as small as ∼ 0.17 AU.
2. ELECTRON DISTRIBUTIONS
The SWEAP suite contains two Solar Probe Analyzer (SPAN) electron sensors on the ram (Ahead)
and anti-ram (Behind) faces of the spacecraft (SPAN-A-E and SPAN-B-E) , which together measure
the majority of the three-dimensional electron velocity distribution function (Whittlesey et al. 2019).
Each sensor utilizes electrostatic deflectors, toroidal electrostatic analyzers, and microchannel plate
detectors above a segmented anode to measure electrons over a ∼ 240◦×120◦ field of view (FOV). For
the first two PSP orbits, the SPAN high voltage sweep was set to measure electrons over an energy
range of ∼ 2 − 2000 eV, sufficient to cover the core, halo, and strahl. The measurements utilized in
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this manuscript have angular resolution of at least 24◦× ∼ 20◦, with higher resolution of 6◦× ∼ 20◦
for some sunward look directions (with the first angular dimension fixed by the anode size, and the
second varying over the deflector sweep). Combined, the two sensor FOVs cover the majority of
the sky; however, some gaps remain, necessitating either interpolation or fitting to compute accurate
moments. In this work, we elect to use a combination of fitting and numerical integration to determine
the electron properties, as described in Appendix A.
Figure 1 shows a sample electron distribution measured by SPAN-A-E and SPAN-B-E near per-
ihelion on PSP’s first orbit, transformed to the solar wind proton frame estimated from moments
computed from Solar Probe Cup (SPC) measurements (Case et al. 2019). The observed distribution
contains four populations with different energies and angular extents. At larger energies, we see a
relatively isotropic core and halo with a break point at velocities of ∼ 104 km/s, and an anti-field-
aligned strahl covering a narrow angular range, with velocities & 5000 km/s. At the highest energies,
the strahl has phase space densities orders of magnitude higher than those in other directions, as
seen in the top panels of Fig. 1. At smaller energies, on the other hand, relative variations in flux
do not exceed a factor of two, as seen in the middle panels of Fig. 1. We also note the presence
of partial obstructions by portions of the spacecraft, apparent at lower energies, in four pixels with
near-sunward look directions.
A fourth population at the lowest measured energies has characteristics consistent with secondary
electrons produced from instrument and/or spacecraft surfaces, with a higher relative flux at times
with higher core electron temperatures, as often seen in regions of the terrestrial magnetosphere with
high electron temperature (McFadden et al. 2009). Unlike photoelectrons produced from spacecraft
and/or instrument surfaces, which also commonly affect electron measurements (Scime et al. 1994b),
we find no clear delineation in energy between this population and the core. This provides an
additional motivation to use a fitting procedure rather than direct integration to characterize the
electron core.
For the distribution shown in Fig. 1, utilizing the analysis procedure described in Appendix A, we
find best-fit values of core density nc = 329cm−3, core temperatures kT|| = 30.9 eV and kT⊥ = 29.3
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Figure 1. Electron distribution function from 12:56:29 UT on 06 Nov 2018, in the proton frame. The
top four panels show orthographic field-of-view (FOV) projections. Diamonds and pluses indicate velocities
parallel (blue) and anti-parallel (red) to the magnetic field and the proton velocity. The bottom panels show
measurements from each look direction. Arrows indicate the velocities of the two FOV plots. Black solid and
dashed lines show cuts through a model secondary+core+halo distribution fit to the non-strahl pitch angles.
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eV, core drift speed vc = 152 km/s, halo density nh = 0.58cm−3, and halo temperature kTh = 124
eV. The core density values agree with measurements from SPC (Case et al. 2019) and from quasi-
thermal noise measurements (Moncuquet et al. 2019). We numerically compute the strahl moments
as described in Appendix A, finding a partial density ns = 4.0cm−3, average parallel velocity <
vs >= −6910 km/s, average energy < Es >= 173 eV, and heat flux (energy flux in the proton frame)
Qs = −8.7×10
−4W/m2, where the negative signs of the odd moments indicate anti-alignment to the
nearly sunward magnetic field measured by FIELDS (Bale et al. 2016).
Despite the high amplitude of the strahl, it has very limited angular extent, and the suprathermal
density fraction (ns + nh)/nc ∼ 0.015 is smaller than typical values of ∼ 0.04− 0.08 (Feldman et al.
1975; Štverák et al. 2009) at greater heliocentric distances. Similarly, we find a suprathermal energy
density fraction (ns < Es > +32nhkTh)/(
3
2
nckTc) ∼ 0.05 significantly lower than reported values of
∼ 0.2 − 0.4 at 1 AU (Feldman et al. 1975). While underestimates of the strahl density due to FOV
gaps play a role for some measurements, they cannot explain the magnitude of the difference. At this
time, we cannot determine whether the reduced suprathermal fraction is characteristic of the near-
Sun environment, or particular to the limited range of heliographic latitude and longitude sampled
near perihelion on the first two PSP orbits.
Near perihelion, we commonly find a deficit in the measured electron distribution with respect to
the best-fit model distribution in the anti-strahl direction, as seen in Fig. 1. This additional source
of skew in the suprathermal electron distribution may result from the same mechanisms that create
the strahl, or it may arise from the initial conditions at the corona and/or the effects of the electric
fields discussed in Section 1. For an outward-directed coronal source of electrons, the net electric
potential drop along the magnetic field (on the order of hundreds of volts, comparable to the energy
of the sunward deficit) leads to a natural distinction between trapped and escaping electrons, which
could create a truncation of the sunward-directed portion of the distribution (Lemaire & Scherer
1971; Pierrard et al. 1999). The presence of a sunward halo population above the velocity range of
the observed deficit may argue against this concept; however, the halo may form by a different set of
processes, such as wave-particle interactions.
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For the distribution of Fig. 1, we find an estimated core drift current encvc = 8.0µA/m2, which
somewhat exceeds the magnitude of the computed strahl current ens < vs >= −4.5µA/m2. However,
when we numerically integrate the deficit in the anti-strahl direction, as described in Appendix A, we
find a density decrement of −2.5cm−3, with a corresponding velocity moment of 3110 km/s. After
adding this to the best-fit core values, we calculate an effective core drift velocity vc(∗) = 107 km/s
and current encvc(∗) = 5.6µA/m2, closer to that required to balance the strahl current. Much of
the remaining imbalance likely results from unmeasured strahl current due to FOV gaps, given the
angular location of the strahl near the spacecraft heat shield at this time. However, measurement
errors and/or misfits may also play a role.
3. ELECTRON PROPERTIES OBSERVED ON ORBITS 1 AND 2
We repeat the analysis of Section 2 for 125,401 individual distribution functions measured by the
SPAN sensors between 2 Oct 2018 and 11 Apr 2019. Of these, we find 99,049 distributions for which
we can retrieve the core properties successfully, with the excluded fits having an unacceptable chi-
square value and/or returning un-physical parameters. We find 59,213 distributions for which we can
retrieve the halo/strahl parameters successfully, with the majority of the additional excluded cases
due to insufficient counts in the suprathermal portion of the distribution, both at larger distances from
the Sun (lower densities) and near perihelion on Orbit 2 (moderate densities, but sensor mechanical
attenuators closed, reducing the instrumental sensitivity).
Figures 2 and 3 summarize the results of this analysis, for distributions measured within 0.4 AU on
the first two PSP orbits. As discussed by (Kasper et al. 2019), PSP nearly co-rotates with the Sun
near perihelion, and so its orbit traverses only a small range of heliographic latitude and longitude.
Therefore, PSP samples only a limited subset of solar wind sources, so we should not necessarily
consider the results representative of the average radial scaling of the observed parameters. Nonethe-
less, the observed density roughly follows the expected r−2 scaling of a spherically expanding wind,
the core and halo temperatures scale consistently with observations at greater heliocentric distances
(Maksimovic et al. 2005), and βc has trends consistent with the scaling of these quantities and the
∼ r−2 scaling of the magnetic field strength appropriate for a nearly radial field.
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However, superposed on the radial scaling, we find clear variations in the electron properties, which
correlate with different solar wind streams, as seen in Fig. 2. During Orbit 1, we observe a clear
evolution across the perihelion encounter. As the radial speed increases from ∼ 300 to ∼ 500 km/s,
the core density, core and halo temperatures, and βc all decrease in comparison to radial scaling.
At the same time, the core becomes more anisotropic, the strahl fractional density decreases, the
core drift speed decreases, and the heat flux decreases. These trends may result from connection to
different portions of a coronal hole (Bale et al. 2019). We find generally similar trends associated
with a ∼ 350− 400 km/s solar wind stream encountered near perihelion on Orbit 2.
At most times, core drift speeds approximately balance the strahl electron flux in the proton frame
and satisfy the zero-current condition, as seen in Fig. 2. For the majority of both orbits, and during
both encounters, we find positive (parallel to the magnetic field) core drift values, consistent with
the prevailing sunward magnetic field (Bale et al. 2019). To make this comparison, we corrected
core drift speeds for the anti-strahl deficit as described in Section 2, and excluded times when the
predicted strahl direction fell in the largest FOV gap. The remaining discrepancies likely result from
small misfits of the core, which can result from the contamination by secondary electrons described
in Section 2, though our multi-component fitting technique helps mitigate these effects. In addition,
spacecraft potential may affect the results, though preliminary estimated values were small (< ± 5
V) during Orbits 1 and 2. Finally, the effects of alpha particles could play a role in offsetting the
true plasma frame from the proton frame.
Consistent with expectations based on previous investigations, we find very low halo fractional
densities near perihelion, much smaller than at larger heliocentric distances (McComas et al. 1992),
and considerably smaller even than those previously reported at 0.3 AU (Maksimovic et al. 2005;
Štverák et al. 2009). The strahl fractional density appears roughly constant, on the order of ∼
0.01 − 0.03, somewhat smaller than but not obviously inconsistent with previous work, particularly
given our limited sampling of solar wind sources.
We compute the total electron heat flux in the proton frame by combining the sunward heat
flux estimated from the corrected core fit parameters as in Feldman et al. (1975) with the anti-
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Figure 2. Distribution function parameters for the electron core, for a portion of orbits 1 and 2 surrounding
perihelion, within 0.4 AU. The first six panels show normalized frequency histograms in color for each
∼ 1.5 hour interval for the radial proton speed vR and the electron core density nc, temperature kTc =
(2kT⊥ + kT||)/3, thermal to magnetic pressure ratio βc, temperature anisotropy T⊥/T||, and corrected drift
speed vc(∗) parallel or anti-parallel to the magnetic field. Black lines on these panels indicate the average
values at each time. The bottom panel shows the number of individual measurements per histogram. Orange
lines indicate simple radial scaling predictions. The green line on the sixth panel shows the core drift needed
to balance the average measured strahl current, in the proton frame.
sunward heat flux from the strahl moments. We find trends consistent with previous measurements
(Pilipp et al. 1990; Scime et al. 1994a), with a similar radial exponent to that previously found for the
slow solar wind (Štverák et al. 2015), though with somewhat lower magnitudes, consistent with the
relatively small strahl fractional densities we observe on these first two orbits. The heat flux radial
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Figure 3. Distribution function parameters for the electron halo and strahl, in the same format as Fig. 2,
for the same time periods. The first five panels show halo and strahl fractional density nh/nc and ns/nc,
halo temperature kTh, strahl average energy < Es >, and total electron heat flux Q.
scaling, steeper than the r−2 expected for expansion along a near-radial field, is consistent with
the temperature scaling, less steep than the r−4/3 expected from a purely adiabatic radial expansion
(Maksimovic et al. 2005; Štverák et al. 2015). This degradation of the electron heat flux likely results
from the same mechanism(s) that modify the strahl and halo with increasing heliocentric distance.
4. TRENDS IN ELECTRON PROPERTIES WITHIN 0.25 AU
We investigate the trends in electron properties as a function of selected solar wind parameters. To
explore a region not previously measured, and to focus on time periods with the highest measurement
cadence and data density, we focus our remaining analysis on heliocentric distances less than 0.25
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AU. We first consider trends with respect to the solar wind radial flow speed vR measured by SPC,
with selected results shown in Figure 4.
At 1 AU, the flow speed of the wind organizes many properties of the solar wind plasma, with
high speed wind having typically lower density, higher proton temperature, and higher Alfvénicity
(Hundhausen et al. 1970; Belcher & Davis 1971). The high speed wind also has lower minor ion
charge state ratios, indicating a lower coronal electron temperature at the freeze-in point (Geiss et al.
1995; Gloeckler et al. 2003), suggesting an origin in cooler coronal holes. However, by 1 AU, any
correlation between solar wind speed and in situ electron temperature has typically vanished, possibly
destroyed by compressive mechanisms such as stream-stream interactions.
As seen in Fig. 4, we find a clear anti-correlation between solar wind speed and both core and
halo temperatures near perihelion, suggesting that within 0.25 AU the in situ electrons still retain a
memory of their origin in the corona. Similar results based on a reanalysis of Helios data are also
reported in this volume (Maxsimovic et al. 2019).
Since the proton temperature still correlates with the flow speed as at 1 AU, the ratio between
electron and proton temperatures has a very strong anti-correlation with flow speed near perihelion.
The slowest wind has electron temperatures significantly larger than proton temperatures, while the
higher speed wind has proton temperatures larger than electron temperatures. These trends have
implications for the growth of instabilities (Klein et al. 2019) as well as for the heating of the solar
wind near the Sun.
We also find an anti-correlation between electron heat flux and flow speed, much more apparent
than at greater heliocentric distances, where at best weak trends appear for even carefully selected
observations (Salem et al. 2003). In fact, at 1 AU the fast wind is typically thought to contain
electron distributions with more significant non-thermal features (Feldman et al. 1978), though the
average difference in the fractional abundance of suprathermals is not large (Štverák et al. 2009). The
observed heat flux-speed anti-correlation may result from an inverse relation between the escaping
suprathermal fraction of the distribution and the size of the electric potential drop from the corona,
which should scale with the solar wind speed (Scudder & Olbert 1979a,b). On the other hand, an
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Figure 4. Frequency distributions of selected distribution function parameters vs. radial flow speed for all
measurements within 0.25 AU. Colors indicate the number of individual measurements in each bin (normalized
by the bin size for logarithmic bins to properly represent the data density). Black lines show the average
values of the parameters for each flow speed bin.
increased fraction of suprathermals should itself lead to a higher wind speed in exospheric models
(Maksimovic et al. 1997), complicating the situation. Alternatively, the electron heat flux-speed anti-
correlation we find near perihelion may simply reflect the initial conditions in the corona, similarly
to the electron temperature-speed anti-correlation discussed above.
We next consider trends with respect to electron core β|| and collisional age Ae, with selected
results shown in Figure 5. We calculate collisional age in the same way as Salem et al. (2003) and
Štverák et al. (2008), but with the lower limit to the collision integral r0 = 0.1 AU chosen to lie
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within the region of our measurements. For consistency with previous work, we utilize a temperature
exponent α = 0.5, also reasonably consistent with our temperature determinations.
As expected, we find clear trends in core temperature anisotropy as a function of both β|| and Ae,
with more isotropic distributions observed for higher values of both parameters. These trends agree
closely with previous results (Štverák et al. 2008), and suggest that both instabilities and collisions
act to isotropize the core even close to the Sun.
On the other hand, though we tentatively observe some trends in both halo and strahl fractional
density with β||, we find at best weak trends in fractional density as a function of Ae. While in no
way definitive given the very limited sampling of solar wind sources, these results may suggest that
wave-particle interactions play a more important role than collisions in scattering the strahl electrons
to form the halo close to the Sun. The recent model of Vasko et al. (2019) provides one possible
instability mechanism that could limit the strahl fractional density at high β||.
5. CONCLUSIONS AND IMPLICATIONS
The first two orbits of PSP reveal a near-Sun electron environment in many ways similar to that
observed at greater heliocentric distances. The electron distributions have the same basic form, with
the same core, halo, and strahl populations typically observed at 1 AU. Furthermore, the observed
radial scaling of the basic parameters of the distributions and the abundances of the core, halo, and
strahl largely agrees with predictions from previous observations. As expected, near perihelion the
strahl becomes narrower and dominates the suprathermal fraction of the distribution, and the halo
almost disappears. Furthermore, the microphysics in operation near the Sun appears similar, with β
and Ae controlling key parameters of the distribution in a manner similar to that observed at greater
heliocentric distances.
However, the near-Sun environment also holds surprises. The coronal electron temperature inferred
from minor ion ratios anti-correlates with the asymptotic solar wind speed, but this correlation
apparently disappears somewhere between the Sun and 1 AU. Our observations reveal that, near
PSP’s perihelion, an anti-correlation between electron temperature and wind speed remains apparent,
potentially revealing a more pristine solar wind. Thanks to the still evident proton temperature-speed
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Figure 5. Frequency distributions of selected distribution function parameters vs. βc|| (left column) and
collisional age Ae (right column) for all measurements within 0.25 AU, in the same format as Fig. 4.
correlation, this also leads to a strong anti-correlation between the electron-proton temperature ratio
and the wind speed near the Sun. Furthermore, near perihelion, we find that lower speed streams have
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electron distributions that carry greater heat flux, in contrast to observations at greater heliocentric
distances.
The electron temperature-speed anti-correlation suggests that the imprints of the initial conditions
at the source of the solar wind remain apparent in the electron distributions near PSP’s perihelion.
This in turn implies that signatures of the initial solar wind acceleration mechanism may also remain
evident in the PSP observations. If correct, our initial observations may present a challenge for purely
exospheric models of solar wind acceleration, since in these models both higher electron temperature
and higher fractions of suprathermal electrons at the corona should lead to a higher asymptotic wind
speed.
We acknowledge the SWEAP contract NNN06AA01C for support.
APPENDIX
A. ESTIMATING ELECTRON CORE, HALO, AND STRAHL PARAMETERS
The combined SPAN-A-E and SPAN-B-E FOV covers most of the sky, but has some gaps. Fur-
thermore, in this work, we exclude the two highest deflection angle bins from either sensor, the
two SPAN-A-E anodes with views closest to the rear of the spacecraft, and the two SPAN-B-E an-
odes with views closest to the deck, due to partial FOV obstructions. We therefore utilize a fitting
procedure to characterize the observed core and halo electron distributions.
Before fitting model distributions to the observations, we utilize a flat-fielding procedure to cor-
rect for relative sensitivity variations over the sensor FOV, which can result from hemispheric non-
concentricity, detector gain variations, and/or other factors. Previous investigations have demon-
strated that the relative drifts of the core and suprathermal populations lie along the magnetic field
to high accuracy (Pulupa et al. 2014), so electron gyrotropy should hold in the solar wind proton
frame, in the absence of discontinuities or small-scale gradients. Therefore, to determine the sensitiv-
ity as a function of anode for each sensor individually, and relative to each other, we impose electron
gyrotropy around the magnetic field measured by FIELDS, in the proton frame determined by SPC.
We repeat this analysis for each range of electron pitch angle and for different time ranges to find
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a single consistent set of time-independent relative sensitivities. The relative sensitivity so derived
varies by over a factor of ∼ 5 over the combined FOV, demonstrating the critical importance of this
correction.
We do not yet incorporate corrections for spacecraft magnetic and electric fields, though these may
have significant effects on portions of the distributions (Mcginnis et al. 2019).
To characterize the measured electron distributions, we utilize non-linear least squares fitting to
a model distribution, employing a gradient expansion algorithm (Bevington & Robinson 2002). In
practice, rather than fitting in units of distribution function f , we perform the fit in units of differential
energy flux (proportional to E2f), which scales with count rate. For each measurement, we perform
multiple steps to retrieve the parameters of the distribution. We first obtain a core temperature
estimate kT0 by locating the energy of the peak differential energy flux and dividing by two (an
exact calculation of the temperature for a purely Maxwellian distribution). We then fit to a model
distribution consisting of an isotropic non-convecting Maxwellian fsec with a fixed temperature of
kTsec = 3.5 eV representing the secondary electron contamination (Eq. A1), superposed with an
anisotropic convecting bi-Maxwellian function fc representing the core (Eq. A2). We allow the core
distribution to drift along the magnetic field, but not perpendicular to it, with respect to the proton
frame. We fit this two-component function to the observations over an energy range of 6 eV to 4kT0,
for all pitch angles greater than 45◦ from the strahl direction (determined by comparing the values
of the distribution function parallel and anti-parallel to the magnetic field, at 314 eV), to obtain
estimates of the core parameters. We also obtain estimates of the secondary electron density, which
varies as expected as with both the core density and temperature.
fsec(v) = nsec
(
m
2pikTsec
)3/2
exp
(
−mv2
2kTsec
)
(A1)
fc(v⊥, v||) = nc
( m
2pik
)3/2 1
T⊥
√
T||
exp
(
−mv2⊥
2kT⊥
)
exp
(
−m(v|| − vc)
2
2kT||
)
(A2)
Next, we fit an isotropic non-convecting Maxwellian fh (Eq. A3) to the residual of the measurements
with respect to the best-fit function derived above, over an energy range of 4kTc to 2000 eV (where
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the total core temperature Tc = (2T⊥ + T||)/3), over the same non-strahl angular range, to obtain
estimates of the halo parameters. We do not utilize energy steps for which the average count rate falls
below the one-count level, which effectively removes any influence from instrumental backgrounds,
since the average background rate lies well below the one-count level.
fh(v) = nh
(
m
2pikTh
)3/2
exp
(
−mv2
2kTh
)
(A3)
We found no need to consider a non-Maxwellian (e.g. a kappa/Lorentzian) distribution for either
the core or halo, consistent with the results of Maksimovic et al. (2005) and Štverák et al. (2009),
who found near-Maxwellian halo distributions close to the Sun.
Finally, we compute the density, field-aligned velocity, energy, and field-aligned heat flux moments
of the strahl using Eqs. A4, A5, A6, and A7, numerically integrating all positive residuals of the
measurements fres+ with respect to the superposition of the best-fit functions derived above, for
energies above 4kTc and pitch angles within 45◦ of the strahl direction. Unlike the fit-based values
for the core and halo parameters, the strahl parameters are subject to underestimates due to the
presence of FOV gaps.
ns =
∫
fres+(v)d
3v (A4)
< vs >=
1
ns
∫
v||fres+(v)d
3v (A5)
< Es >=
1
ns
∫
1
2
mv2fres+(v)d
3v (A6)
Qs =
∫
1
2
mv2v||fres+(v)d
3v (A7)
To account for the anti-strahl deficit discussed in Section 2, we compute partial density and velocity
increments/decrements in the anti-strahl direction, numerically integrating the signed residuals fres
of the measurements with respect to the model distributions using Eqs. A4 and A5, but with fres+
replaced by fres, for energies above 4kTc and pitch angles in the hemisphere opposite the strahl. The
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velocity moment in this case does not represent an average velocity in the typical sense, since the
residual density moment can include both positive and negative contributions.
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